Subcellular compartmentalization of reactive oxygen species (ROS) plays a critical role in transmitting cell signals in response to environmental stimuli. In this regard, signals at the plasma membrane have been shown to trigger NADPH oxidase-dependent ROS production within the endosomal compartment and this step can be required for redox-dependent signal transduction. Unique features of redox-active signaling endosomes can include NADPH oxidase complex components (Nox1, Noxo1, Noxa1, Nox2, p47phox, p67phox, and=or Rac1), ROS processing enzymes (SOD1 and=or peroxiredoxins), chloride channels capable of mediating superoxide transport and=or membrane gradients required for Nox activity, and novel redox-dependent sensors that control Nox activity. This review will discuss the cytokine and growth factor receptors that likely mediate signaling through redox-active endosomes, and the common mechanisms whereby they act. Additionally, the review will cover ligand-independent environmental injuries, such as hypoxia=reoxygenation injury, that also appear to facilitate cell signaling through NADPH oxidase at the level of the endosome. We suggest that redox-active endosomes encompass a subset of signaling endosomes that we have termed redoxosomes. Redoxosomes are uniquely equipped with redox-processing proteins capable of transmitting ROS signals from the endosome interior to redox-sensitive effectors on the endosomal surface. In this manner, redoxosomes can control redoxdependent effector functions through the spatial and temporal regulation of ROS as second messengers. Antioxid. Redox Signal. 11, 1313-1333 
Introduction
A lthough the concept of a free radical originally emerged in the mid 19 th century, its popularity quickly faded when no one was able to isolate free radical compounds (41) . Indeed, it was only a chance discovery by Moses Gomberg that led to the first publication detailing radical chemistry in 1900 (37) . Gomberg had endeavored to generate hexaphenylethane from triphenylmethyl chloride, but instead produced an unexpected organic yellow compound that was more reactive than expected for hexaphenylethane. This finding led Gomberg to propose the presence of a triphenylmethyl radical as an intermediate in the reaction. Despite this discovery and significant interest in Gomberg's papers, it took many decades for the general scientific community to accept the idea of an organic radical. The field again took significant steps forward in the 1920s and 1930s, with the development of quantum mechanics. In particular, the newly emerging idea of activation energy provided an explanation for the difficulties in isolating highly reactive, short-lived intermediates such as radicals as pure substances. A solution to the difficulty in studying these short-lived radicals came about in the 1950s, with the release of commercial electron paramagnetic resonance (EPR) machines. This allowed for the detection of radicals based on their paramagnetic properties.
Biological free radicals were first identified in 1968, when Joe McCord and Irwin Fridovich examined the production of superoxide by the xanthine oxidase found in milk (76) . The report of this observation was soon followed by a second paper discussing the enzymatic function of erythrocuprein (also known as hemocuprein) as a superoxide dismutase that produces hydrogen peroxide and oxygen from two superoxide molecules (77) . Superoxide production was subsequently linked to white blood cells (WBCs), and a failure of WBCs to produce superoxide was linked to chronic granulomatous disease. This provided superoxide with a biological function-as a bactericidal agent that is produced within the phagosome of a WBC following phagocytosis of a pathogen (4) . Another biological role for superoxide was discovered in the early 1980s, when it was recognized that superoxide levels increase in vascular tissue during reperfusion following an ischemic event (38, 75) . The production of superoxide in both cases-in the vasculature and in WBCs-was eventually linked to members of a group of membrane proteins that is known as the NADPH oxidase (Nox) family (60, 96, 103) .
Seven known NADPH oxidase catalytic subunits exist (Nox1, Nox2 gp91phox , Nox3, Nox4, Nox5, Duox1, and Duox2) (48, 60) . NADPH oxidases generate superoxide by transferring an electron from NADPH to molecular oxygen. The most widely characterized NADPH oxidase is phagocytic gp91phox (Nox2). The phagocytic NADPH oxidase is a multisubunit enzyme complex with both membrane and cytosolic components (60) . The membrane subunits gp91phox and p22phox make up the flavocytochrome b558 component of phagocytic Nox. The cytosolic subunits include p47phox, p67phox, p40phox, and the small GTPase Rac1=2. In the resting state the cytosolic components remain quiescent in the cytoplasm, and the membrane-bound cytochrome b558 complex is inactive. Upon stimulation, the cytosolic subunits are translocated to the membrane to bind the cytochrome b558 components, leading to activation of the NADPH oxidase complex. Included in this activation process is the phosphorylation of p47phox and p67phox (28) , and the conversion of GDP-bound Rac1=2 into GTP-bound forms through the activation of a Rac guanine nucleotide exchange factor (2, 80) . Other NADPH oxidases share several of the coactivator subunits with Nox2, but can also use unique regulators (Noxo1 and Noxa1) (48, 60) .
Over the last two decades, superoxide and hydrogen peroxide produced by NADPH oxidases have been linked to a number of highly spatially-and temporally-regulated signaling mechanisms. This review will focus on the biology of one of these signaling mechanisms-those defined by redox-active endosomes. This group of signaling pathways generates superoxide in the endosome lumen as a signaling intermediate, in response to stimuli such as interleukin-1-beta (IL-1b) (68, 78) , tumor necrosis factor alpha (TNFa) (67, 78, 119) , and hypoxia=reoxygenation (H=R) (69) . The available evidence suggests that each of these pathways produces superoxide through the family of NADPH oxidases, and that each of these signaling pathways requires an endocytic event to facilitate redox signaling at the endosomal level. The similarity of these events to those of phagosome formation in macrophages and neutrophils suggests conservation of certain phagosomal mechanisms in the signaling pathways of nonphagocytic cells. As within the phagosome, confinement of membrane-impermeable superoxide within the boundaries of an endosome allows for regulated localization and concentration of ROS at sites of cellular signaling, while preventing more widespread nonspecific redox-dependent damage to proteins, lipids, and DNA within cells.
The current literature strongly supports the idea of luminal production of Nox-derived superoxide in TNFa-, IL-1b-, and H=R-mediated signaling endosomes. To a degree, recent evidence also suggests that platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and angiotensin II (AngII)-and to a lesser degree insulin and fas ligand (FasL)-regulate superoxide production and stimulate specific downstream redox-signaling through Nox-positive superoxideproducing endosomes. This review focuses on emerging knowledge in the fledgling area of cellular signaling through superoxide-producing endosomes, structures that we propose to name redoxosomes (redox-active endosomes) based on conserved features that appear to control redox signaling events. In this review, emphasis will be placed on studies of interleukin -1b (IL-1b), tumor necrosis factor alpha (TNFa), and hypoxia=reoxygenation (H=R) signaling, and to a lesser degree on studies of platelet-derived growth factor (PDGF), epidermal growth factor (EGF), and angiotensin II (AngII), with the goal of outlining a model whereby redoxosomes act as a common redox-signaling compartment for a diverse set of stimuli with stimulus-specific outcomes. We will examine in detail the events of the selected systems-from signal initiation to Nox activation, cellular handling of ROS, signal transduction, and the termination of Nox activity and superoxide production. By dissecting the mechanisms whereby these systems achieve diverse outcomes using the same redox signaling intermediates, we hope to build a basic foundation for redoxosomal signaling that may be expanded upon in the future.
General Overview of Types of Receptor Signaling from the Plasma Membrane: Redoxosomes in Context
Ligands can initiate cellular responses through their binding to receptors at the cell surface. Common to all types of cell surface receptor signaling is the conversion of an extracellular message to an intracellular signal. To promote an appreciation of aspects of receptor signaling that are unique to redoxosomes, we will give a broad overview of major classes of receptor-mediated signaling from the cell surface in this section.
Mechanisms of receptor signaling from the plasma membrane can be generally grouped into three categories (Fig. 1 ). In the most basic of these, a surface membrane protein= receptor directly gives rise to a functional signal following either exposure to an environmental stimulus or ligand binding (Type I, Fig. 1 ). In this context, the protein=receptor transmits its intracellular signal while remaining at the plasma membrane. Notable examples of such proteins are ion channels, which can respond to changes in membrane potential or to ligand binding by inhibiting or promoting the passage of ions (98) . For instance, the GABA family of receptors includes inhibitory and excitatory ion channels that, in the dendrite of a neuron, may either potentiate or excite a synapse (73) . A second mechanism (Type II, Fig. 1 ), exemplified by G-protein signaling, involves the recruitment of a second messenger to the signaling pathway (61) . In this context, structural changes in the intracellular portion of the receptor are induced following ligand binding, and allow for the docking of G-protein components. Downstream signals are then transmitted not directly by the receptors but through receptor-specific effectors. This kind of mechanism inherently allows for a higher level of regulation and signal amplification, through the production of second messengers that directly impart intracellular signals.
A third mechanism of cell surface receptor signaling is one whereby the ligand and receptor are endocytosed into a signaling endosome prior to transmission of the intracellular signal (Type III, Fig. 1 ). The formation of isolated signaling endosomes allows for an advanced level of regulation that is simply not possible in most cases of signaling at the plasma membrane. For example, within an endosome it becomes feasible for localized changes in membrane phospholipids to be confined to areas of active signaling. As discussed later in the review, such changes in phospholipids can control the docking of effectors to the surface of signaling endosome. Furthermore, endosomal regulation of luminal pH, voltage, and osmotic pressure can also be used to influence signaling events in ways that are not possible at the plasma membrane. Endosomal signaling also offers the potential to concentrate signaling agents in a confined region, allowing for rapid receptor processing and termination of signaling activities. Two types of signaling by endosomes are theoretically possible, although research aimed at differentiating these two forms is far from well established. The first type (Type IIIA, Fig. 1 ) involves direct signal transmission from newly formed endosomes containing the ligand=receptor complex. In this context, the docking of an effector(s) on the ligand-bound receptor at the plasma membrane is required to initiate endocytosis. Following endocytosis, a second effector(s) is recruited to the endosome to facilitate signal transmission. In the second type of endosomal signaling, receptor endocytosis occurs in the same manner as in Type IIIA, but in this case, endocytosis is followed by vesicle fusion, during which a membrane-associated second effector(s) docks with the receptor complex to activate signaling (Type IIIB, Fig. 1 ). Notably, fusion events allow for new membrane proteins and lipid types to be introduced into the signaling system. Redoxosomal signaling mechanisms appear to utilize Type IIIA and=or Type IIIB signaling pathways, and differentiating between these two mechanisms has been challenging.
Examples of ligand=receptor systems that utilize endosomes for signal transduction include EGF, PDGF, IL-1b, and TNFa. In the case of the EGF receptor (EGFR), it has long been known that receptor endocytosis takes place following ligand binding. What has been significantly more difficult to elucidate is the temporal placement of EGFR signaling with respect to the endocytic event. To date, only a few downstream endpoints have been rigorously demonstrated to be dependent on the endocytosis of EGFR (74, 91, 114, 116) . A notable example is the observation that inhibition of EGFR endocytosis following a ligand stimulus also leads to reduced extracellular signal-regulated kinase (ERK) activation by EGFR (74) . Other studies of both PDGF and EGF signaling used a series of specific inhibitors to prevent receptor recycling and tyrosine kinase activation of PDGFR and EGFR. In the presence of these inhibitors, ligand=receptor binding and endocytosis proceeded in the absence of cell signaling. When these inhibitors were washed out of the cell, signaling resumed in the absence of plasma membrane stimulation of the receptors. Dissection of this system demonstrated not only that endosomal signaling by PDGFR and EGFR is possible, but also that it is sufficient to generate a normal signaling cascade from these pathways (116, 117) . Although these and other studies (14, 108) suggest that PDGFR and EGFR can signal at the endosomal level, they do not rule out that both receptors also signal from the plasma membrane. In fact, internalized EGFR cannot activate PLC-g because the lipid composition of the endosomal compartment is inappropriate (99) . Furthermore, studies evaluating the proliferative effects of EGF stimulation demonstrate that EGFR signaling at the plasma membrane is enhanced in the absence of dynamin-dependent endocytosis (114) , suggesting that the endocytosis of EGFR downregulates this pathway. Ligand-bound EGFR also appears to associate with different effectors at the plasma membrane and in endosomal compartments (14) . Hence, it appears that EGFR falls into both categories II and III ( Fig. 1 ) and is capable of generating different signals at the plasma membrane and in endosomal compartments.
Further evidence for the importance of endosomal cell signaling comes from a collection of studies involving the IL-1b receptor (IL-1R1) and the TNFa receptor (TNFR1). In the cases of both pathways, inhibiting receptor endocytosis reduces receptor-mediated signaling that is required for activation of the proinflammatory transcription factor NFkB However, the formation of a signaling complex requires endosomal fusion with another cellular compartment to generate the microenvironment needed for receptor complex activation. Such microenvironmental changes may include the docking of secondary membrane associated effectors (as shown) and=or changes in endosomal membrane structure=function (i.e., the composition of phospholipid or ion channels or endosomal pH). (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars). (67, 68) . Of interest to this review, both IL-1b and TNFa stimulation promote the production of endosomal reactive oxygen species through NADPH oxidases and this process also requires endocytosis (67, 68, 79, 119) . Further discussion of these models with respect to redoxosomal signaling will be highlighted later in the review.
Biogenesis of Receptor-Activated Redoxosomes from the Plasma Membrane
Studies to date suggest that redoxosome formation requires the endocytosis of key plasma membrane components following an environmental trigger such as the binding of cytokine to its receptor. It has become increasingly recognized that the organization of key redoxosomal proteins at the plasma membrane is likely mediated through the association of ligand-activated receptors with lipid rafts that harbor NADPH oxidases in an inactive state. This section will review the current thinking on mechanisms whereby ligand activation of certain receptors triggers a cascade of events leading to Nox activation in the endosomal compartment, as well as methods that are used for the detection of endosomal Nox activation.
Role of lipid rafts in the organization of Nox signaling
Lipid rafts are specialized microdomains of the cell membrane that are *50-150 nm in size and are characterized as regions enriched for cholesterol and glycosphingolipids (90) . Early studies of neutrophils demonstrated that Nox2 is constitutively present in lipid rafts, but that the other NADPH oxidase subunits-p47phox, p40phox, and p67phox-are recruited in response to an activating stimulus (97) . This view is supported by the demonstration that depleting membranes of lipid rafts by exposing cells to the cholesterol-sequestering agent methyl-B-cyclodextrin inhibits Nox2 activation (115) . Nox2 is also found in the lipid rafts of nonphagocytic cells, as shown in coronary arterial endothelial cells, where Nox2-positive lipid rafts cluster following stimulation of the Fas ligand signaling pathway (120) .
Nox1 has also been shown to be present in the lipid rafts of nonphagocytic cells. In one study linking Nox1 to the caveolin1 (Cav1) subset of lipid rafts, it was observed that Cav1 knockout (KO) mice have abnormally regulated vasodilation and vasoconstriction, pulmonary hypertension, and dilated cardiomyopathy. These vascular phenomena were eventually linked in part to the dysregulation of AngII signaling via Nox1 in vascular smooth muscle cells (VSMCs) (111) . Other direct evidence for the presence of Nox1 in lipid rafts comes from the observation that the TNFa receptor (TNFR1) and the other components of the TNFa signaling pathway are recruited to lipid rafts following ligand stimulation (55, 64) . Furthermore, immunofluorescence and immunoisolation experiments in VSMCs revealed that Nox1, Noxo1, Noxa1, and the lipid raft marker caveolin1 also colocalize following TNF stimulation (47, 55) .
The TNFa, PDGF, EGF, and AngII pathways have all been associated with lipid rafts (23, 47, 72, 89, 101, 121) . Each of these receptors also appears to utilize Nox1 and=or Nox2 during signal transduction (59, 62, 67, 78, 88) . Taken together with the apparent constitutive presence of Nox1 and Nox2 in lipid rafts, these findings suggest a common starting point for redoxosomal signaling. In some cases, such as EGF signaling, it appears that the receptor is already present in lipid rafts (89, 91) , whereas in cases like TNFa signaling the receptor must be recruited into lipid rafts (64) . How each receptor is brought together with Nox is likely to be receptor specific. It is also important to point out that lipid rafts from the plasma membrane and those from the endosomal compartment often cannot be distinguished when using detergent or biophysical methods of characterization, and thus many studies fail to differentiate between the two. Furthermore, the cellular site of Nox activation (at the plasma membrane or within the endosome) is often unclear, depending on the techniques used to evaluate Nox-dependent ROS production. For this reason, the biochemical and imaging methods that are used to evaluate signaling by Nox-dependent ROS will have a significant impact on the mechanistic interpretation of redox signaling events.
Isolation of receptor-activated redoxosomes and analysis of Nox activity
Two of the better-studied receptor pathways that activate Nox in the endosomal compartment include IL-1R1 and TNFR1. Studies on these receptors have utilized both imaging and biochemical techniques to verify that Nox-active endosomes form following ligand stimulation. This section will review the techniques that have been used to study Nox activation in endosomes, as this background is required to understand redoxosomal signaling mechanisms. For further information on several of the ROS quantification techniques discussed below, see the following review (27) .
Analysis of NADPH-dependent superoxide production in isolated endosomes. An approach that has commonly been used to isolate and identify redoxosomes is subcellular fractionation by density gradient isolation, followed by analysis of the resulting fractions for NADPH-dependent superoxide production using the chemiluminescent probes or electron spin resonance (ESR) spin-trap probes (67, 68, 83) ( Table 1) . Of critical importance to these assays is the biophysical separation of endosomes from the plasma membrane and from other organelles known to produce superoxide. Iodixanol gradients have been successfully used to separate Nox-active endosomes from the plasma membrane, mitochondria, and peroxisomes (68) . However, the use of iodixanol gradients as a single method of purification fails to separate endosomes from the Golgi or the endoplasmic reticulum (68) . Furthermore, many of the assays used to study redoxosomal function rely on the isolation of intact endosomes following a particular stimulus. Thus, the methods used to generate the post-nuclear supernatants (PNS) that are loaded onto iodixanol gradients are critical to the success of this technique. Dounce homogenization (68) and nitrogen cavitation (83) are two methods that have been successfully applied to generate PNS for the isolation of intact redox-active endosomes. Iodixanol gradient subcellular fractionation can be combined with a number of redox-selective probes to quantify changes in NADPH-dependent superoxide production as an index of endosomal Nox activity (Table 1) . In this context, lucigenin has been used most commonly as a luminescent probe for superoxide because of it sensitivity. Lucigenin is a membrane-permeable compound that is commonly used for the detection of superoxide in aqueous solutions (33, 84) . The basis of detection with lucigenin is its ability to emit photons upon contact with superoxide. The lucigenin reaction is a three-step process. One superoxide molecule reduces lucigenin to form a cation radical, after which a second superoxide reacts with this cation to form a dioxetane molecule. The energetic dioxetane molecule then spontaneously breaks down to methylacridone, and in the process releases a photon with a wavelength of *470 nm. This release can be detected using a luminometer (84) . Although lucigenin has been challenged as a quantitative assay for superoxide because of its ability to redox-cycle, it is generally accepted as being a reasonably quantitative assay when used at a concentration of 5 mM lucigenin or lower (71, 100) . Under these conditions, the rate of superoxide production in isolated endosomes can be measured in the absence or presence of NADPH to assess Nox activities. In this context, relative rates of NADPH-dependent superoxide production increase approximately fourfold after TNFa or IL-1b stimulation (67, 68, 83) . Similarly, assays of superoxide production in isolated endosomes have also used less sensitive luminescent probes, including luminol and isoluminol (83) . Since luminol and isoluminol have different membrane permeabilities (Table I) , a comparison of the results obtained using these two probes has proven useful in addressing the topology of superoxide production by endosomes (as discussed later in this review).
NADPH-dependant superoxide production in isolated endosomes from ligand stimulated cells has been unequivocally demonstrated using electron spin resonance (ESR) (68) . The underlying concept of ESR is that all radicals are paramagnetic (i.e., one or more unpaired electrons found in all radicals are attracted to magnetic fields). Thus, when a strong magnetic field is applied to radicals, a small percentage of unpaired electrons will become aligned in the magnetic field. Application of electromagnetic energy (generally in the microwave range) can induce transitions of the unpaired electrons into different spin states. Absorption signatures from the aligned electrons can then be used to identify unique molecules. In the case of radicals such as superoxide, the radical in question is so short-lived at physiologic pH that it is difficult to take a direct reading. Indicators known as spin traps are used to get around this problem. Spin traps are specially designed molecules that interact with radicals to generate a new radical adduct with a longer half-life than the original radical. When using spin traps with specific paramagnetic signatures, it becomes possible to identify the precursor radical (58) . Hence, ESR has the advantage of being very specific for various types of free radicals. One common spin trap that has been used in the detection of superoxide is 5,5-dimethylpyrroline-N-oxide (DMPO).
Using each of the above approaches to detect and quantify superoxide in iodixanol fractions, it has been determined that both TNFa-and IL-1b-stimulated redoxosomes have a density of 1.09-1.11 g=ml. While it is not possible to completely isolate redoxosomes from all other cellular compartments by density gradient separation, this procedure is effective for separating the redoxosome from the less dense plasma membrane, as well as from the more dense peroxisomes and mitochondria (68) . Furthermore, combining biophysical endosomal separation methods with scavengers of superoxide such as superoxide dismutase (SOD1), or flavoenzyme inhibitors such as diphenyleneiodium (DPI), has helped to demonstrate that endosomal superoxide originates from Nox (68, 78) .
Affinity isolation of receptor activated redoxosomes.
Enrichment of intact redoxosomes from crude endosomal preparations has been further improved through affinity isolation techniques. This approach has used Rac1 (a co-activator of Nox1 and Nox2) or an endosome-specific marker such as Rab5 (for early endosomes) to further purify redoxosomes with an antibody-bound matrix. In the context of Rab5, two approaches have been used to demonstrate that redoxosomes form in the early endosomal compartment following IL-1b stimulation. The first approach utilized an ectopically expressed HA-tagged Rab5 marker and anti-HA antibodies bound to magnetic beads to enrich for the Rab5 compartment (68). These enriched vesicle were then evaluated biochemically for enrichment of redoxosomal specific proteins and their ability to produce NADPH-dependent superoxides using the chemiluminescent lucigenin assay. A similar approach has used anti-Rab5 antibodies to successfully isolate redoxosomes following IL-1b stimulation (78) . Results from both of these studies suggest that redoxosomes form in the early endosomal compartment following receptor internalization.
An alternative, more selective approach for enrichment of redoxosomes utilized an expressed HA-tagged Rac1 protein to mark and purify Nox-active redoxosomes following IL-1b stimulation (67) . This approach has the advantage of enriching for endosomes harboring Rac1, which is a requisite activator of the Nox that produces endosomal ROS in response to IL-1b stimulation. Indeed, Rac1 is recruited to endosomes following IL-1b stimulation, and this population of endosomes accounts for the majority of ligand-induced NADPH-dependent superoxide production by the endosomal compartment (67, 68) . Findings from studies using this approach suggest that Rac1 can be used as a marker of redoxosomes.
Localization of redoxosomes within intact cells. Two cellular localization techniques have been used to indirectly visualize superoxide production in endosomes within intact cells. These have included fluorescent-based analysis of endosomes loaded with a redox-sensitive fluorochrome, and redox-sensitive cytochemistry (which creates an electrondense precipitate within endosomes) coupled with analysis by transmission electron microscopy (TEM). Both of these methods are discussed below and have complementary advantages for assessing superoxide within the lumen of endosomes in situ following cellular stimulation.
Immunofluorescence approaches to visualize redoxosomes following TNFa or IL-1b stimulation have used a redox-sensitive fluorochrome called dihydro-2 0 ,4,5,6,7,7 0 -hexafluorofluorescein (H 2 HFF). Oxidized H 2 HFF (also called Oxyburst) has an excitation=emission spectrum similar to that of GFP, making it relatively straightforward to use on most fluorescent microscopes. Oxidized H 2 HFF is *2-3 orders of magnitude more fluorescent than its reduced form (16) . To limit accumulation of this fluorochrome to the lumen of endosomes, researchers have utilized BSA-conjugated H 2 HFF to load endosomes at the time of cellular stimulation (67, 68, 78, 83) . As depicted in Fig. 2 , endosomal loading of BSA-H 2 HFF at the time of stimulation with IL-1b or TNFa results in increased fluorescence within newly formed endosomes. This method of localizing redoxosomes has also been used in conjunction with co-localized endosomal markers such as EEA1 (to mark early endosomes) (68) . Such studies have demonstrated that redoxosomal ROS originates in the early endosomal compartment following IL-1b stimulation, and support the findings from biochemical studies assessing NADPH-dependent superoxide in Rab5 enriched redoxosomes. Studies assessing the specific ROS that give rise to BSA-H 2 HFF oxidation in live cells have utilized endosomal loading of purified ROS scavenger enzymes such as bovine SOD1 and=or catalase (68) . These studies have demonstrated that SOD1, but not catalase, can quench IL-1b-stimulated BSA-H 2 HFF fluorescence within the endosome, suggesting that oxidation is caused by superoxide production in the endosome. Moreover, treatment of cells with the general Nox inhibitor diphenyleneiodium (DPI) significantly reduces IL1b-stimulated endosomal BSA-H 2 HFF fluorescence, suggesting that endosomal superoxide originates from Nox (68, 78) .
A second method capable of visualizing redoxosomal ROS in intact cells involves cytochemical staining, followed by transmission electron microscopy. Such applications have utilized cerium cytochemistry to localize hydrogen peroxide to IL-1b-stimulated endosomes of VSMCs (78) . Cerium chloride is oxidized by hydrogen peroxide and results in an electron-dense cerium perhydroxide precipitate that can be visualized by transmission electron microscopy (TEM) (13) . Cerium precipitation does not occur in the presence of superoxide, and hence serves as a marker for hydrogen peroxide (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
FIG. 3. Cytochemical detection of redoxosomal superoxides at the ultrastructural EM level, using a 3,3
0 -diaminobenzidine (DAB)-Mn 2þ reaction. MCF-7 cells were stimulated with 0.5 ng=ml IL-1b for 15 min, followed by staining in Hepes Buffer (10 mM Hepes, pH 7.4, 135 mM NaCl, 5 mM KCl, 1 mM CaCl 2 ) containing 5 mM DAB, 1 mM MnCl 2 , and 1 mM NaN 3 for 5 min at 378C. After washing with Hepes buffer, cell samples were fixed for electron microscopy using 2% glutaraldehyde at 48C overnight, and washed with Hepes buffer three times. Post-fixation was performed with 1% osmium tetroxide for 1 h, followed by washing three times in buffer alone. Cells were then dehydrated through a graded series of ethanol solutions (from 50%, 75%, and 95%, to 100%) and embedded in Epon resin. Sections (100 nm OAKLEY ET AL.
(56). However, the detection of superoxides at the ultrastructural EM level has been accomplished by using a 3, 3 0 -diaminobenzidine (DAB)-Mn 2þ reaction that detects superoxides (102) . In this reaction, superoxide causes the conversion of Mn 2þ ? Mn 3þ , which subsequently oxidizes DAB to form an electron-dense polymer. This method has been previously applied to localize superoxide production to vesicular compartments of stimulated neutrophils (57) . Ultrastructural TEM confirmation of superoxide in the lumen of IL-1b-stimulated endosomes can also be demonstrated using DAB=Mn 2þ cytochemical staining (Fig. 3) .
Role of receptor endocytosis in redoxosomal Nox activation
A unique feature of ligand=receptor-initiated redoxosomal signaling is a requirement for endocytosis. For example, studies evaluating the formation of redoxosomes following IL-1b or TNFa activation demonstrate that inhibiting endocytosis by expressing dominant negative dynamin significantly reduced NADPH-dependent superoxide production in the endosomal compartment, while also inhibiting downstream NFkB activation (67, 68) . The mechanism by which Nox becomes active in the endosomal compartment following IL-1b or TNFa stimulation remains to be fully elucidated. However, Rac1-siRNA knockdown studies in IL-1b-activated epithelial cells have demonstrated that Rac1 is required for the recruitment of Nox2 from the plasma membrane into the endosomal compartment (68) . Activation of Nox2 in this model system appears to occur first in EEA1-and Rab5-positive endosomes (both markers of the early endosome), based on H 2 HHF-BSA staining and endosomal affinity isolation studies (68) . These findings suggest that Nox activation occurs very early following redoxosome biogenesis. Interestingly, depending on the cell type that is stimulated, IL-1b or TNFa activation appear to be able to use either Nox1 or Nox2 to facilitate endosomal ROS production (67, 68, 78) .
Activation of Nox1 and Nox2 requires the recruitment of cofactors prior to superoxide production. In the case of Nox1, the subunits Noxo1, Noxa1, and Rac bind to the Nox1=p22phox heterodimer to activate superoxide production (5). In the case of Nox2, the Nox2=p22phox complex recruits the cytosolic proteins Rac, p67phox, p47phox, and p40phox (60) . The mechanism and sequence of events that lead to activation of the Nox complex has been best defined in the case of Nox2 in phagocytes (Fig. 4) . In the cytosol, p40phox, p47phox, and p67phox are found in a complex. Serine phosphorylation of p47phox exposes its SH3 domains, allowing this domain to bind to the proline-rich domain on p22phox. This complex is stabilized by interaction of the p47phox PX domain with PI(4)P and PI(3,4)P 2 on the membrane (87) . By contrast, the PX domain of p40phox associates with PI(3)P (29) . Interestingly from the standpoint of redoxosome formation, both p47phox and p40phox bind to inositol phospholipid products of PI3 kinase in the early endosomal compartment (29, 54) . Such studies have clearly demonstrated that a GFP-tagged p40phox PX domain colocalizes with EEA1 positive endosomes. Hence, changes in phosphoinositol composition in the endosome may be a key feature in limiting Nox activation at the plasma membrane and promoting subsequent activation following endocytosis.
p40phox and p67phox are brought to the Nox2 complex as a consequence of the association of p47phox with p22phox (87) . Unlike p47phox, which is believed to have a solely regulatory role in the Nox2 complex, p67phox is absolutely required for the production of superoxide, as it interacts directly with the flavocytochrom b 558 to induce conformational changes that are believed to directly affect the catalytic activity of b 558 . The role of p40phox is currently controversial. Like p47phox, p40phox is considered to have a function that is entirely regulatory in nature. However, unlike p47phox, it is debated as to whether p40phox is actually required for the activation of Nox2 in phagocytes (7, 87) . The recruitment of phox effectors to redoxosomes has been studied in the context of IL-1b stimulation; both p47phox and p67phox specifically recruit to the endosomal compartment following IL-1b stimulation of MCF-7 cells (68) .
Another recruited effector of the Nox1 and Nox2 complexes is Rac (Fig. 4) . The two relevant isoforms of the Rac GTPase are Rac1 and Rac2. Rac2 is primarily expressed in phagocytes, while Rac1 appears to be ubiquitously expressed. Prior to activation of the Nox complex, GDP-Rac is bound to RhoGDI in the cytosol, and thereby inhibited. Following exposure of a cell to a Nox-activating stimulus, RhoGDI phosphorylation releases GDP-Rac into the cytosol. Rac is subsequently activated by the exchange of GDP for GTP, and is partially inserted into the membrane via its isoprenylated tail (12) . It is speculated that the membrane-inserted portion of Rac directly interacts with, and modulates, the flavocytochrome b 558 while its C-terminus associates with p67phox (87) .
How ligand stimulation of receptors such as IL-1R1 and TNFR1 initiates the endocytosis of Nox complexes and the recruitment of Nox activators is only beginning to be understood. In the context of IL-1R1, ligand binding recruits MyD88 to the plasma membrane, an event that must take place prior to endocytosis of the receptor and Nox (68) . Similarly, it is thought that TRADD recruitment to ligand-activated TNFR1 at the plasma membrane initiates endocytosis of the receptor with Nox (67) . Lipid rafts that harbor Nox=p22phox complexes at the plasma membrane likely play a key role in coordinating these events for both IL-1R1 and TNFR1, although this has been formally studied only in the context of TNFR1 (47, 64) . Since Rac1 is specifically recruited to IL-1b-and TNFa-stimulated redoxosomes, and is also required for the recruitment of Nox2 into IL-1b stimulated redoxosomes (67, 68) , it is currently thought that Rac1 likely recruits Nox into redoxosomes by tethering the receptor to the Nox complex. Indeed Rac1 binds to IL-1R1 (51, 68) and is also a co-factor of the active Nox2 complex. However, since endocytosis of at least IL-1R1 is not dependent on Rac1, Nox recruitment and endocytosis appear to be independently-regulated events (68) . Whether similar events control TNFR1-mediated redoxosomal activation remains to be determined. However, Rac1 has been shown to be essential for TNFR1-mediated activation of Nox1 (55) . Given the similarities associated with redoxosome activation by IL-1b and TNFa receptors, we speculate that these two receptors share common events in the early biogenesis of redoxosomes (Fig. 4) .
Endosomal ROS metabolism: Topology of production and superoxide channels Nox complexes produce superoxide on the extracellular side of cellular membranes. Although this topology has been well studied in phagocytes, only recently has it been examined in endosomes, using the assays discussed earlier in this review. In the context of both IL-1b and TNFa stimulation, the loading of purified bovine SOD1 into endosomes at the time of stimulation significantly reduced superoxide production by redoxosomes (67, 68, 83) . Such SOD1 quenching of lumenal endosomal superoxide has been confirmed by lucigenin and ESR assays on isolated endosomes, as well as by H 2 HHF-BSA imaging. These findings strongly suggest that superoxide is produced within the lumen of the redoxosome following biogenesis. Although superoxide is formed in the lumen of the redoxosome, it is much less clear how and where superoxide is converted to hydrogen peroxide to facilitate downstream redox signaling. For example, isolated IL-1b-stimulated endosomes have been shown to rapidly transport NADPH-dependent superoxides across the endosomal membrane through a DIDS-sensitive chloride channel (83) . Additionally, endogenous cytoplasmic SOD1 is recruited to IL-1b-and TNFa-stimulated endosomes, suggesting that dismutation of superoxide on the endosomal surface could play a role in transmitting redox signals through the generation of local hydrogen peroxide gradients (67, 68) . Indeed, SOD1-deficient fibroblasts have significantly blunted IL-1b-mediated activation of NFkB, as compared to wild-type fibroblasts (83) . Together, these findings suggest that redoxosomes may have intricate methods of regulating ROS metabolism, and that these mechanisms may be important for the transmission of redox signals. In this context, it is important to understand the redox chemistries of the endosome that can influence ROS production and metabolism.
As a direct consequence of Nox activity, negatively charged superoxide can accumulate in the lumen of phagosomes and redoxosomes, whereas positively charged NADP þ and protons accumulate on the cytosolic side. Hence, NADPH oxidase activity will lead to a voltage potential and an osmotic gradient across the membrane, as well as to acidification of the cytosol and alkalization of the endosomal lumen (see Lamb et al. in this issue for further discussion). This phenomenon has been examined in the context of the phagosome (21, 85) . For example, given the rate of superoxide production in the phagocytic system, the positive flux of protons in the cytosol should theoretically cause the intracellular pH to drop by 1 unit per minute (25) . This clearly does not occur, in part to the large buffering capacity of the cytoplasm. However, it is also widely accepted that phagosomes contain proton and In the resting state, Nox2 (protein with six blue transmembrane domains) and p22phox (protein with two yellow=red transmembrane domains) make up the flavocytochrome b 558 complex, which is located in lipid rafts of the plasma membrane (marked by a widened lipid domain). The Nox subunits p40phox, p47phox, and p67phox are found in a complex in the cytosol, and Rac is in its inactive GDP-bound state associated with RhoGDI. In response to a stimulus, RhoGDI is phosphorylated, causing it to disassociate from Rac-GDP, which exposes its prenylated tail. Prenylated Rac-GDP subsequently interacts with a GEF that exchanges GDP for GTP, generating an activated Rac-GTP complex. Rac1 then moves to the membrane, where it interacts with Nox2. Phosphorylation of p40phox, p47phox, and=or p67phox recruits these subunits to the Nox complex. The serine-phosphorylated p47phox is stabilized on the Nox complex, by interacting with both p22phox (via its N-terminal SH3 domain) and PI(3,4)P 2 (via its PX domain). p40phox may further stabilize the complex along the membrane by interacting with PI(3)P via its PX domain. p67phox binds to Nox2 via its activation domain, and also associates with Rac-GTP via its N-terminal tetratricopeptide repeats. Following the recruitment of all members of the Nox complex, superoxide production takes place as NADPH binds to the cytoplasmic tail of Nox2. Electrons are transferred to FAD, which is also bound to the Nox2 cytoplasmic tail. FAD then sequentially transfers the electrons to the Nox complex, where they pass through the two heme centers, and are ultimately transferred to oxygen on the luminal side of the redoxosome. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
potassium channels that neutralize the charge, pH, and osmotic difference caused by the electron and proton flux generated by NADPH oxidases. This has led to many hypotheses about the identity of the proton channel, including the suggestion that Nox itself acts as a proton channel (25) ; however a consensus has yet to be reached.
Like the phagosome, the redoxosome must control the voltage, and also the osmotic and pH gradients that are generated by Nox activity. Additionally, maturation of early endosomes to late endosomes is accompanied by the lowering of luminal pH (39, 112) . Regulation of the redoxosome microenvironment becomes particularly relevant to redoxsignaling when one considers that changes in lumenal pH will have a significant impact on the rate of spontaneous dismutation of superoxide to hydrogen peroxide, and the fact that these two ROS have different membrane permeabilities. The second-order rate of decay for superoxide decreases by roughly an order of magnitude or 10 M À1 s À1 for every increase of 1.0 pH unit in an aqueous environment between pH 6.0 and 14.0; this translates into a 10-fold increase in the halflife of superoxide for every increase of 1.0 pH unit (8) . Therefore, even a small change in pH in the redoxosome lumen can dramatically change the steady-state level of superoxide and hydrogen peroxide that is available for redox signaling.
Two studies have attempted to directly identify the channel and=or channels involved in the charge=pH neutralization of redoxosomes. In one set of studies looking at Nox1-positive redoxosomes in VSMCs, it was observed that two chloride channel inhibitors, 4,4 0 -diisothiocyanatostilbene-2,2 0 -disulfonic acid (DIDS) and niflumic acid (NFA), repress IL-1b-mediated superoxide production and NFkB activation in cell culture (78) . Of the many chloride channels in mammals that DIDS or NFA can inhibit, the ClC family is the largest, with ClC-3, ClC-4, and ClC-5 having been identified as chloride-proton antiporters (6, 52) . Furthermore, ClC-3 is a voltage-regulated channel that has been associated with the acidification of endosomes, making it a good candidate for a channel involved in the neutralization of the Nox-generated proton gradient. Indeed, in VSMCs that are deficient for ClC-3, TNFa and IL-1b fail to induce NADPH-dependent superoxide production in redoxosomes and show a reduction in cytokine-mediated NFkB activation (78) . These studies have implicated ClC-3 as necessary for charge neutralization of redoxosomes. In the absence of ClC-3, Nox1 fails to function due to the build up of an unfavorable membrane potential.
Studies in a transformed mammary epithelial cell line (MCF-7 cells) suggest that chloride channels necessary for redoxosomal superoxide production are quite different from those in VSMCs. In MCF-7 cells, neither DIDS nor NFA inhibit superoxide production in IL-1b-induced redoxosomes (83) . An in vivo assessment of IL-1b-induced redoxosomal superoxides in MCF-7 cells also demonstrated an induction in lumenal superoxide in the presence of DIDS (as detected by H 2 HHF-BSA fluorescence) (83) . This is in stark contrast to VSMCs in which NFA inhibits H 2 HHF-BSA-detected redoxosomal superoxide following IL-1b induction (78) . The explanation for these cell-type specific differences appears to involve a mechanism for superoxide movement out of redoxosomes in MCF-7 cells. Using membrane-permeable (luminol) and membrane-impermeable (isoluminol) luminescent probes for superoxides, it has been shown that MCF-7 cells have a DIDS=NFA-inhibitable superoxide channel that is capable of rapidly moving superoxide out of redoxosomes and into the cytoplasm (83) . Furthermore, using endomembranereconstituted proteoliposomes from MCF-7 cells, these studies also demonstrated that X=XO-derived superoxide and Cl 36 move across endomembranes in an electrogenic fashion, through a similar DIDS-sensitive channel(s) (83) . The ability of X=XO-derived superoxide to move out of endomembranereconstituted proteoliposomes in a DIDS-sensitive fashion suggests that the superoxide channel function is independent of NADPH oxidase activity. Cumulatively, these studies in MCF-7 cells suggest that the transport of superoxide anion out of the redoxosome could be another mechanism for the charge neutralization required to maintain NADPH oxidase activity.
Taken together, the reports discussed above provide evidence for the role of chloride channels in redoxosome signaling. However, they also make some contradictory predictions as to the precise function of the chloride channel(s). In the case of the ClC-3 studies on Nox1 signaling in VSMCs, the authors favor a model whereby ClC-3 acts as a protonchloride antiporter, and redox signaling occurs by the spontaneous dismutation of superoxide to hydrogen peroxide and the subsequent diffusion of this product through the redoxosomal membrane (Fig. 5. IA) . However, this study does not rule out the possibility that superoxide leaves the lumen of the endosome intact ( Fig. 5. IB) . Interestingly, ClC-3 at the plasma membrane has been suggested to act as a superoxide transporter in endothelial cells (43) . Moreover, even if ClC-3 does act as a superoxide transporter, this does not reconcile the fact that IL-1b-induced superoxide production by Nox1 is inhibited by NFA=DIDS in VSMCs, yet continues to be produced in the lumen of redoxosomes by Nox2 in MCF-7 epithelial cells in the presence of these inhibitors (Fig. 5. IIA) . One potential explanation that could reconcile these two findings would be that MCF-7 cells have an alternative non-ClC-3 channel(s) that is capable of moving protons and chloride across redoxosomal membranes to dissipate Nox-induced changes in membrane potential, whereas ClC-3 may be the sole pathway for charge neutralization and potentially also superoxide transport in VSMCs (Fig. 5. IB) . In looking at the Nox2-positive phagosomes for guidance, it was found that superoxide production and charge neutralization are only partially ClC-3 dependent (82). This lends credence to the idea that the charge=pH neutralization by channels in the redoxosome may be cell-type specific. Perhaps in the case of Nox2, the primary mechanism of charge neutralization involves two channels: a DIDS-insensitive channel that transports protons (possibly Nox2 itself) and a DIDS-sensitive anion channel that exports superoxide (Fig. 5. IIB) . In this case, even if the superoxide channel were inhibited, the proton channel would neutralize the voltage potential, thus allowing superoxide production to continue in the presence of the inhibitor. Clearly, at this point we can only speculate on the possible reasons for the observed differences between the two systems, and much work needs to be done before we can fully understand the complexities of charge neutralization in the redoxosome and how this may affect redox-signaling.
Redox-dependent events that spatially control receptor signals in redoxosomes
Redoxosomes provide a framework for thinking about spatially controlled ROS production and the downstream COMPONENTS OF REDOXOSOMAL SIGNALINGoxidative processes that are involved in transmitting the receptor-mediated signal from the plasma membrane. By definition, redoxosomes are signaling endosomes that harbor ligand-activated receptors and Nox complexes, and produce superoxide and hydrogen peroxide as locally confined second messengers. In most organic systems, superoxide is only mildly reactive with most organic molecules. Lipid peroxidation occurs to only a very minor degree, if at all, in the presence of superoxide. In a few proteins, particularly those of the TCA cycle and those with iron centers, superoxide has an inhibitory effect. (41) . Superoxide is nevertheless associated with a short half-life in an aqueous environment because it reacts rapidly with other radicals such as nitric oxide to form peroxinitrite, or with other superoxide molecules to form molecular oxygen and hydrogen peroxide. The nonradical compound hydrogen peroxide results from the addition of two electrons to molecular oxygen, and is produced by the dismutation of two molecules of superoxide. Like superoxide, hydrogen peroxide is poorly reactive at physiologic levels, although it too has been associated with the inhibition of various proteins (41) . It appears that much of the oxidative damage caused by hydrogen peroxide and superoxide is the indirect results of conversion to more reactive intermediates. An example of this is the Haber-Weiss reaction. In a pure system, the reaction rate of this system is near 0. However, transition metals (Cu þ or Fe 2þ ) can catalyze this reaction to produce the extremely reactive hydroxyl radical. Another example of cytotoxic species being generated from superoxide is the formation of peroxinitrite through the reaction of superoxide with nitric oxide. In some cases, the cell intentionally generates these highly toxic ROS. For example, phagocytes use myeloperoxidase to generate hypochloric acid from hydrogen peroxide and a chloride anion. The controlled environment of the redoxosome, on the other hand, provides a means for generating favorable ROS gradients at sites of receptor signaling, while minimizing the generation of the more damaging ROS intermediates or affecting the global cellular redox state.
Although the exact identities of the ROS intermediates responsible for the transmission of redoxosomal signals remain largely unexplored, it is generally thought that hydrogen peroxide produced following superoxide dismutation plays an important role. Redox modification of proteins by hydrogen peroxide can include the controlled oxidation of cysteines to form sulfenic (Cys-SOH), sulfinic (Cys-SO 2 H), or sulfonic (Cys-SO 3 H) acid (9) . One of the best characterized signaling mechanisms involving hydrogen peroxide is the inhibition of cellular phosphatases by cysteine oxidation (17, 92, 93) . In addition, inactivation of peroxiredoxins by cysteine sulfinic acid formation has been shown to regulate PDGF signaling (18, 94) . Another important mechanism for redox-modulation includes the alteration of protein structure through the hydrogen peroxide-mediated oxidation of reactive thiols, leading to the formation of disulfide bonds (9, 10, 35) . Ultimately these small modifications enable structural changes to redoxsensitive proteins, allowing for downstream signaling.
The redox-dependent signaling events that are responsible for redoxosomal receptor activation have been best characterized for IL-1b and TNFa activation of the IkB kinase complex (IKK) and NFkB. Both of these receptor acti- vation pathways appear to share similar mechanisms of redox activation, but maintain unique adaptor=effector partners responsible for IKK complex activation (Fig. 6 ). In the context of IL-1R1, the binding of IL-1b to its receptor initiates the ordered recruitment of adaptors and effectors (IL-1b?IL-1R1?MyD88?IRAK?TRAF6?IKK kinases-MEKK3, TAK1, and=or NIK) that ultimately leads to the formation of an active IKK kinase (IKKK) receptor complex responsible for phosphorylation of the IKK complex (50, 113) . Once the IKK complex is activated, IkB is phosphorylated and NFkB is subsequently mobilized to the nucleus where it can promote transcription of downstream genes. In the context of TNFR1, TNFa binding to its receptor initiates the ordered recruitment of different adaptors and effectors (TNFa?TNFR1? TRADD?TRAF2 = RIP?IKK kinases MEKK1, MEKK3, and TAK1) that ultimately leads to IKK complex activation, IkB phosphorylation, and NFkB activation (65, 113) . These described effectors and adaptors for both the IL-1R1 and TNFR1 pathways are abbreviated, but are sufficient for an interpretation of the literature on redoxosomes. For a more comprehensive overview of these signaling pathways, see the following reviews (44, 50, 65, 113) .
Following ligand binding, adapter recruitment (IL-1R1?MyD88 or TNFR1?TRADD) occurs at the plasma membrane, and this event appears to be required for endocytosis of the receptor and Nox into the endosomal compartment (67, 68) . The critical redox-dependent events that subsequently control activation of receptor-associated IKKKs appear to involve H 2 O 2 -dependent recruitment of TRAFs to their cognate receptors within redoxosomes (i.e., IL-1R1? TRAF6 or TNFR1?TRAF2). The redox-dependent recruitment of TRAFs at the endosomal level has been studied using several approaches. For example, the loading of IL1b-stimulated redoxosome with purified catalase and SOD1 proteins inhibits TRAF6 recruitment to the endosomal compartment, but does not affect the recruitment of IL-1R1, MyD88, Nox2, p47phox, p67phox, or Rac1 to the redoxosome (68) . This same approach to neutralizing ROS within the redoxosome also prevents IKK and NFkB activation following IL-1b-stimulation. Furthermore, siRNA-mediated Rac1 knockdown, which inhibits Nox recruitment to redoxosomes and hence endosomal ROS production, also reduced TRAF6 recruitment to endosomal IL-1R1, while leaving MyD88 recruitment intact. Presumably Nox (bound to Rac1) is recruited into redoxosomes at the plasma membrane by the known direct interaction between Rac1 and IL-1R1 (68) or IL-1R1= MyD88 (51) . These findings suggest that TRAF6 recruitment to IL-1R1=MyD88 requires the formation of Nox-dependent ROS within the redoxosome. Similar approaches have been used to study TNFR1 activation, and the results also implicate H 2 O 2 -dependent recruitment of TRAF2 to redoxosomal TNFR1=TRADD complexes in the regulation of IKK activation (67) .
Although the composition of the IKKK complex components that recruit to IL-1b and TNFa stimulated redoxosomes has not been investigated, functional studies evaluating the IL-1R1 pathway in epithelial cells suggest that IKKK activity can indeed be associated with purified redoxosome (68) . In these studies, isolated endosomes were purified from IL1b-stimulated cells in the presence or absence of endosomeloaded catalase and SOD1 proteins (to degrade redoxosomal ROS). In an in vitro reconstitution assay, the addition of purified IL-1b-stimulated redoxosomes to immunoprecipitated IKK complexes isolated from unstimulated cells led to IKK activation, as assessed by the ability of these two components to phosphorylate GST-IkBa. However, IL-1b-stimulated redoxosomes loaded with catalase=SOD1 failed to activate a naive immunoprecipitated IKK complex, demonstrating that endosomal ROS were critical for the recruitment of IKKK activity to redoxosomes. Hence, redoxosomes appear to harbor all the IL-1R1 receptor complex components that are necessary for IKK phosphorylation, and formation of this receptor complex is redox-dependent.
The ability of redoxosomes to partition ligand-activated receptors into a Nox-active microenvironment capable of facilitating localized redox-dependent events that are required for receptor activation was highlighted by a study evaluating HA-tagged-Rac1 affinity-isolated redoxosomes (67) . Using TNFa or IL-1b stimulated cells, this study demonstrated that Rac1 specifically recruits to the Nox-active endosomal compartment along with several other common redoxosomal factors (SOD1 and Nox-activator phox subunits). However, enrichment of IL-1R1=TRAF6 or TNFR1=TRAF2 complexes in Rac1-containing redoxosomes maintained ligand specificity. These findings demonstrate that redoxosomes share similar redox-modulator proteins, while also retaining ligandspecificity for a given receptor pathway. Hence, redoxosomes for these two independent receptor pathways appear uniquely equipped to carry out superoxide and hydrogen peroxide production at intracellular sites where ligandactivated receptors are concentrated.
Although the exact redox-mediated events responsible for the recruitment of TRAFs to redoxosomal IL-1R1 and TNFR1 remain unclear, it is apparent that hydrogen peroxide is necessary for this process. It is possible that the inhibition of phosphatases by hydrogen peroxide production at the redoxosome surface may influence these events. However, the addition of exogenous hydrogen peroxide to ligand-activated cells at 48C (a temperature at which endocytosis is blocked) appears to be able to drive the recruitment of TRAFs to cell surface IL-1R1 or TNFR1 (67, 68) , suggesting that hydrogen peroxide alone, in the absence of functioning phosphatases, is capable of mediating TRAF effector docking events. However, it remains unclear if the redox-dependent changes in protein structure required for TRAF docking occur on the receptor, adaptors, and=or TRAF itself.
Novel ROS Sensor for Redoxosomal Nox Regulation
The Rac1 GTPase is a critical activator of Nox1 and Nox2. Additionally, both Nox1 and Nox2 have been associated with the redox activity of redoxosomes. Overexpression of Rac1 in certain systems is sufficient to activate Nox2. Conversely, the absence of Rac1 prevents the Nox complex from producing superoxide. For Rac1 to activate Nox, it must be in a GTP-bound state. A GXXXXGK(S=T)C domain has been identified as a superoxide-sensitive domain on Rho GTPases (including Rac1) (45, 46) , and it appears to control the redox-dependent association and disassociation of the guanine nucleotides GDP and GTP. In the case of GDP-bound Rac1, low millimolar to high micromolar levels of XOgenerated superoxide increase GDP dissociation from Rac1 by *600 fold (45) . Mutational disruption of the GXXXXGK(S=T)C domain in Rac1 (C18S) inhibits this redox-sensitive GDP dissociation. Additionally, mutation of the phenylalanine (F28) that resides 3.6 A from the cysteine of the domain (C18) disrupts redox-mediated dissociation of GDP from Rac1. This finding suggests the need for a phenylalanine in close proximity to the redox-sensing domain. One hypothesis that has been put forward to explain this redox-sensing mechanism is that the cysteine and phenylalanine play a critical role in the controlled withdrawal of an electron from superoxide.
Superoxide may also play a role in the GTP loading of Rac1 (45) . Rac1-GDP treated with superoxide in the low millimolar to high micromolar range demonstrates an *10-fold increase in GTP loading compared to untreated Rac1-GDP. This increase is enhanced another *200-fold when the Rac1-GDP is treated with superoxide followed by treatment with a radical scavenger such as ascorbate or NO. Given the high levels of superoxide that are needed to facilitate changes in GDP=GTP on Rac1, it is difficult to envision how this mechanism may function under physiologic conditions to regulate Rac1 on redoxosomes. However, this pathway may be relevant to levels of superoxide encountered during pathologic conditions such as severe inflammation, or in the context of phagocytes where high mM to low mM concentrations of superoxide are generated by the phagosome.
Rac1 can also be redox regulated through its interaction with SOD1 (42), a cytoplasmic protein that rapidly dismutates superoxide into hydrogen peroxide at a rate of 4Â10
Immunolocalization experiments have shown that SOD1 is actively recruited to IL-1b stimulated redoxosomes harboring IL-1R1 (83) . Interestingly, SOD1 is recruited to redoxosomes following IL-1b stimulation at a molar ratio roughly equal to that of IL-1R1, a finding that is consistent with the fact that Rac1 binds to both IL-1R1 (51, 68) and SOD1 (42) . Immunoprecipitation studies have also demonstrated that Rac1 is associated with SOD1 in multiple organs including the kidney, liver, and brain (42) . SOD1 most efficiently binds a region of Rac1 contained within amino acids 35 to 70. This region of Rac1 spans several domains that are important for nucleotide binding (i.e., switch I, G2, switch II, and G3 domains). Interestingly, mutations within this region of Rac have been shown to influence Nox2 activation. For example, the Rac2 mutations Asp38Asn and Met45Thr lead to inhibition of Nox2 activity (34) . Additionally, several Rac2 mutations including Thr35Ala, Asp38Ala, and Try40Lys lead to lack of sustained Nox2 activity (26) . These findings suggest that this SOD1 binding region of Rac may regulate Nox2 activation. Reconstitution assays using His-tagged Rac1 have demonstrated that Rac1 and SOD1 binding depend on the redox state of Rac1, as well as on the nucleotide-bound state of Rac1 (42) . When Rac1 is in a reduced state and bound to GTP, it most efficiently binds to SOD1. Oxidation of Rac1 with as little as 50-100 pM of hydrogen peroxide prevents SOD1 association with Rac1. This process is reversible when Rac1 is reduced with 100-300 mM DTT. The association of SOD1 with Rac1 leads to an inhibition in the intrinsic GTPase activity of Rac1 (42) , and hence would be expected to activate Rac1-regulated NADPH oxidases under reducing conditions. Indeed, the addition of SOD1 to isolated fibroblast endosomes in vitro leads to enhanced NADPH-dependent superoxide production by Nox2 (42); however, this enhancement is transient since the accumulation of ROS leads to the dissociation of SOD1 from Rac1 and inactivation of Rac1 through the hydrolysis of GTP to GDP. In this manner, SOD1 appears to act as a redox-sensor to control Rac1 activation of NADPH oxidases in the redoxosomes (Fig. 7) . Although X=XO-derived superoxide dissociates SOD1 from Rac1-GTP in vitro, leading to enhanced GTP hydrolysis by Rac1 (42), it is currently unclear if a local build-up of hydrogen peroxide on the redoxosome surface, as a consequence of either spontaneous superoxide dismutation or a SOD1-catalyzed dismutation reaction, is responsible for Rac1=SOD1 dissociation. Although it is clear that the oxidation of Rac1 by very low levels of hydrogen peroxide plays an important role in this process, it remains to be determined if SOD1 locally provides this source of hydrogen peroxide for Rac1 oxidation on the redoxosome surface.
Redoxosomal Signaling Via c-Src in the Absence of a Ligand Following Hypoxia/Reoxygenation
As discussed earlier in this review, lipid rafts have been proposed to be important plasma membrane-localized microdomains that house NADPH oxidases (53) . These structures provide a framework for better understanding how redoxosomes may be formed through the organization of signal-dependent factors required for Nox complex internalization and function. According to one proposed model, redoxosome formation may be the consequence of internalized caveolin-associated lipid rafts and raft-membrane constituents. In support of this model, a number of studies have identified key molecules from a wide array of signaling pathways-many of which have been implicated in cellular changes caused by oxidative stress-within these lipid microdomains (66) . Importantly, various forms of NADPH oxidases (47, 53, 66, 97, 115) and Src-kinases (3) have been reported to cluster in lipid raft microdomains, as well as in the endomembrane compartment following exposure to environmental stimuli (24, 69) . For example, caveolin has been shown to bind Src (63) , and in this context to negatively regulate c-Src kinase activity (70, 118) . Furthermore, there is compelling evidence that ligand-independent pathways for the activation of protein tyrosine kinases such as c-Src exist within lipid rafts, and that these pathways are influenced by oxidative stress (86) .
c-Src is a ubiquitously expressed membrane-associated protein tyrosine kinase that plays important roles in redoxdependent signaling cascades (31, 32, 104, 107, 109) . As a member of the Src family of nonreceptor protein tyrosine kinases (SFKs), c-Src functions as an important modulator of an array of pathways that transduce signals from the cell surface to the nucleus, including signals promoting cell growth, differentiation, and migration, as well as cellular responses to oxidative stress. Src localization to cellular membranes is accomplished by myristoylation at its N-terminal domain, which is required for c-Src kinase activity at either the plasma membrane or endomembrane level (24) . Src consists of modular domains: a N-terminal unique domain; the Src Homology (SH) domains SH3, SH2, and SH1, which serve as protein   FIG. 7 . Redox-sensor model for controlling Nox activation in redoxosomes. The proposed regulatory model for IL-1b signaling builds on the finding that SOD1 is actively recruited to IL1b-stimulated redoxosomes, and binds to Rac1 in a redoxdependent fashion to control Rac1 GTPase activity. Left panel: In the resting state, Rac1-GDP remains inactive because it is bound to Rho-GDI. In this state the majority of Rac1 is most likely in a reduced state, due to the reducing conditions in the cytoplasm.
Following IL-1b stimulation, RhoGDI is phosphorylated, releasing Rac-GDP into the cytosol. A Rac1-GEF then activates Rac1 by exchanging GDP for GTP, allowing for the association of Rac1-GTP with the Nox complex at the plasma membrane. IL-1b binding to IL-1R1 also leads to docking of MyD88 at the plasma membrane, which initiates endocytosis of the receptor=Nox complex. Center panel: Following or during early stages of endocytosis, SOD1 binds to reduced Rac1-GTP associated with the Nox complex, maintaining Rac1 in its active GTP-bound conformation by inhibiting the GTPase activity of Rac1. Superoxide production by redoxosomes is initiated at this stage, and Nox activity is maximal. Right panel: The localized buildup of superoxide and hydrogen peroxide around the redoxosome creates an oxidative microenvironment that promotes IRAK=TRAF6 complex docking on the receptor. Eventually, the increased levels of hydrogen peroxide oxidize Rac1, resulting in the disassociation of SOD1 from Rac-GTP, and hydrolysis of GTP by Rac1. Nox activity is terminated as Rac-GDP is formed on the redoxosome and Rac1 is recycled from the membrane by RhoGDI. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
interaction motifs, and an autoinhibitory C-terminal tail that contains a conserved phosphorylation site (Tyr 530 ) required for the modulation of Src kinase activity (11, 30) . Although the tyrosine kinase activity of c-Src is regulated by an array of mechanisms, the most important is modulation of c-Src phosphorylation at residues Tyr 419 phosphorylation is also regulated by protein tyrosine phosphatases (PTP) and the tyrosine kinase Csk.
While the manner in which c-Src protein tyrosine kinase modulates NADPH oxidase activity remains poorly understood, it is now clear that c-Src plays both initiating and propagating roles in NADPH oxidase-dependent redox signaling (15, 20, 69, 95) . In this context, c-Src has been shown to be involved in both ligand-dependent mechanisms of Nox activation (as seen after AngII and aldosterone stimulation) (15, 81) and ligand-independent mechanisms of Nox activation (as seen after hypoxia=reoxygenation injury) (69) . Furthermore, the redox-activation of Src kinases following hypoxia=reoxygenation injury has been well established (22, 31, 32, 40, 105) , although the link to Nox activation in this context remains understudied. This section will focus on mechanisms by which c-Src may play a role in the initiation, maintenance, and=or modulation of redoxosome-dependent signaling cascades that utilize NADPH oxidase, with a focus on the mechanisms involved in reoxygenation injury.
ROS have been shown to influence c-Src at several levels, both directly by acting on c-Src to modulate its kinase activity (1, 69, 104) and indirectly by modulating factors that regulate c-Src kinase activity (11, 30, 86, 106) . Similarly, c-Src kinase activity appears to influence NADPH oxidasedependent ROS generation at several levels, by facilitating the activation of NADPH oxidase co-factors (Rac and p47phox) required for complex activation (19, 36, 110) . For example, hyperoxia induces c-Src-dependent tyrosine phosphorylation of p47phox, induces recruitment of p47phox to the cell membrane, enhances the association of p47phox with Src, and induces NADPH oxidase-mediated superoxide production in human pulmonary artery endothelial cells (19) . Additionally, c-Src has been shown to indirectly activate Rac1 via tyrosine phosphorylation of the guanine nucleotide exchange factor (Vav2) (36) . Activation of the Rac1-GEF Vav2 via c-Src protein tyrosine kinase phosphorylation has been observed to generate Nox1-dependent ROS in HT29 cells. These features of redox-dependent functions of c-Src are highlighted in redoxosomal pathways that have been found to be important for NFkB activation following hypoxia=reoxygenation (69) .
In contrast to pro-inflammatory cytokine pathways that utilize redoxosomes to signal NFkB activation (described earlier in this review), redoxosomal pathways responsible for NFkB activation following hypoxia=reoxygenation appear to be independent of a ligand signal (69) . Other important differences between these two pathways include the 
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mechanisms of IkBa phosphorylation required for NFkB activation. The proinflammatory (i.e., TNFa and IL-1b) canonical pathway of NFkB activation occurs through IKKdependent phosphorylation of IkBa on Ser 32=36 , which directs IkBa to be degraded by the proteasome. In contrast, NFkB activation following hypoxia=reoxygenation injury is dependent on c-Src-mediated tyrosine phosphorylation of IkBa on Tyr 42 and occurs in a proteasome-independent manner (32, 49) .
Of interest to this review on endosomal Nox signaling, a recent study has demonstrated that c-Src is required for the formation of redoxosomes following hypoxia= reoxygenation (H=R) and that this process is required for the redox-dependent activation of NFkB (69) . In this study, c-Src recruitment from the plasma membrane into the endosomal compartment was initiated during the reoxygenation phase of H=R injury. This recruitment of c-Src to endosomes correlated with NADPH-dependent superoxide FIG. 9. Model of redoxosomal signaling for IL-1b and TNFa pathways. In the resting state, the cell expresses Nox, an anion channel(s) (AC), and IL-1R1 or TNFR1 on the plasma membrane. Following receptor binding by IL-1b or TNFa, pathway-specific early effectors (MyD88 or TRADD) are recruited to their cognate receptor at the plasma membrane and initiate endocytosis. Rac1 recruits Nox into the early endosome by tethering (indirectly or directly) the receptor to the Nox complex. Phox subunits (p47phox and p67phox in the case of Nox2) are recruited to the newly formed endosomes to produce superoxide-generating redoxosomes. It is currently unclear at which point SOD1 is recruited to Rac1 on redoxosomes. However, this process appears to be important for maintaining Rac1 in a GTP-bound active state. Membrane-impermeable superoxide generated in the redoxosome lumen may spontaneously dismutate to hydrogen peroxide and pass through the endosomal membrane and out of the redoxosome. Alternatively, a DIDS=NFA-sensitive chloride channel may transport the superoxide out of the redoxosome, where it is subsequently converted to hydrogen peroxide. The localized production of hydrogen peroxide at the redoxosome surface leads to transmission of redox-specific signals to either the receptor or one of the downstream effectors (IRAK=TRAF6 or TRAF2), allowing for docking of these TRAF effectors and subsequent activation of pathway-specific IKKKs. These IKKKs in turn phosphorylate the IKK complex, which leads to NFkB activation. The redoxosomal-signaling pathway is downregulated as the build up of cytosolic hydrogen peroxide oxidizes Rac1 on the surface of the endosome, and this causes disassociation of SOD1 from Rac1 (not shown). In the absence of SOD1 binding to Rac1, Rac1 quickly hydrolyzes GTP and becomes inactive, leading to the termination of Nox-dependent superoxide production. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article at www.liebertonline.com=ars).
production by the endosomal compartment. This study was performed in HeLa cells, and similar findings have been obtained in the mouse hepatocyte TIB73 cell line (Fig. 8) . Studies defining the NADPH oxidase involved in H=R-induced redoxosomal ROS were performed in primary fibroblasts generated from Nox1 and Nox2 knockout mice (69) . These studies demonstrated that Nox1 was primarily responsible for the induction of redoxosomal superoxides. As in the case of ligand-activated redoxosomes, H=R induction of redoxosomes required endocytosis; the expression of dominant negative dynamin inhibited the formation of endosomal superoxide, the recruitment of both c-Src and Rac1 to the endosomal fraction, and the activation of NFkB following H=R (69) .
Studies evaluating the genesis of H=R-induced redoxosomes suggest that both Rac1 and c-Src are necessary for this process (69); siRNAs targeting either Rac1 or c-Src reduces Nox activation in the endosomal compartment and NFkB activation following H=R. siRNA inhibition of Rac1 or c-Src also reduces the recruitment of both proteins (Rac1 and c-Src) to endomembranes following H=R, demonstrating the codependence of these two factors in the formation of redoxosomes. Lumenal ROS generated by Nox-active redoxosomes is critical for the redox-activation of c-Src, since loading of endosomes at the time of reoxygenation with SOD1=catalase reduces endosomal ROS and c-Src activation (as evident by Try 419 phosphorylation of c-Src in the endosomal fractions). Redox-dependent activation of c-Src on redoxosomes was also necessary for c-Src-mediated Tyr 42 phosphorylation of IkBa. In this manner, redoxosomal activation of c-Src following H=R drives activation of NFkB following H=R.
The exact mechanism(s) that underlies c-Src activation on redoxosomes remains to be clearly defined, but may involved both direct redox-activation of c-Src and the inactivation of protein tyrosine phosphatases that keep c-Src in an inactive dephosphorylated state (86, 106) . It is hypothesized that ROS can directly activate c-Src by modifying specific cysteine residues that activate the c-Src kinase domain (86) . In this context, the crosslinking of Src family kinases in lipid rafts, through oxidant-driven formation of disulfide bonds, is proposed to activate the intrinsic autophosphorylation activity of the kinase. Alternatively, ROS may regulate c-Src function by modifying redox-sensitive cysteine residues in protein tyrosine phosphatases (PTP) that inactivate c-Src (86, 106) . Since PTPs are susceptible to oxidative inactivation in their catalytic regions, ROS-induced inhibition of phosphatase activity may keep c-Src in an active conformation by preventing dephosphorylation of Tyr 419 at its SH1 kinase domain. However, PTP inhibition may also promote the inactive conformation of c-Src by facilitating Tyr 530 phosphorylation-the modification responsible for maintaining the inhibitory intramolecular interaction between phosphoTyr 530 and the SH2 domain-and thereby prevent kinase activation in the SH1 activation loop. Hence, the mechanism of redox-dependent c-Src regulation in redoxosomes remains unclear, but may be directly affected by the types of PTPs and kinases that associate with various endomembrane compartments. However, it is clear that c-Src is important for ligand-independent mechanisms of redoxosomal signaling in the context of pro-oxidant injuries such as H=R.
Concluding Remarks and Future Directions
Studies evaluating the importance of endosomal Nox regulation in cell signaling have led to the discovery of a unique redox-active endosomal compartment we call the redoxosome. Ligand-activated redoxosomes by definition produce NADPH-dependent superoxide in their lumen in a receptordependent fashion to control redox-mediated signal transduction. The genesis of redoxosomes appears to be uniquely regulated at the plasma membrane, through the association of ligand-activated receptors with lipid raft-bound NADPH oxidases (Nox1 and Nox2). In the context of the best-studied IL-1b signaling pathway, Rac1 appears to play a critical role in bringing Nox into receptor-bearing endosomes. The localized production of superoxides by ligand-activated redoxosomes appears to spatially control redox-dependent processes that are important for receptor activation. In the context of both IL-1b and TNFa signaling pathways, this redoxdependent process involves TRAF recruitment to the cytoplasmic tail of the receptor. However, the exact redoxdependent events that control TRAF docking on redoxosomal receptor complexes remain to be elucidated. Additionally, chloride channels unique to redoxosomes may regulate both the activity of Nox and the availability of superoxides at the redoxosome surface. It is likely that cell-specific processes dictate whether superoxides pass out of redoxosomes or spontaneously dismutate within the lumen to create the redox-gradients necessary for signal transduction. Given the changing pH of endosomes, this process may be intricately regulated to provide varying degrees of superoxide or hydrogen peroxide at the redoxosome surface. Additionally, certain studies suggest that SOD1 recruitment to the redoxosome surface plays a critical role in ROS production by this compartment by acting as redox-sensor. In this context, the ability of SOD1 to regulate Rac1 GTPase activity in a redoxdependent fashion provides a sensitive mechanism for controlling Rac-dependent NADPH oxidases within redoxosomes. Such a mechanism may be important for controlling ROS at levels required for signal transduction, while preventing a toxic build up of ROS.
The finding that H=R injury also induces Nox-active endosomes that are important for the redox activation of NFkB suggests unexpected diversity in redoxosomal signaling pathways. Although H=R-induced redoxosomes are currently thought to form in a ligand-independent manner, it has not been formally ruled out that unknown ligands contribute to the coordination of H=R responses. For example, oxidative stress induced by reoxygenation may lead to the immediate post-translational secretion of ligands that stimulate, in an autocrine fashion, receptors that coordinate Rac1=c-Srcdependent redoxosome formation. Alternatively, reoxygenation may activate proteases at the cell surface to release ligands capable of activating receptors. Further research into these potential mechanisms is needed to identify the initiating events that control H=R induction of redoxosomes. Despite the potential differences in mechanisms that control the genesis of cytokine-and H=R-induced redoxosomes, downstream events that control redox signaling likely share common features. These appear to include Rac1 control of NADPH oxidases, and the localized production of hydrogen peroxide on the redoxosomal surface to control signaling events (i.e., TRAF recruitment in the case of cytokines and c-Src activation in the case of H=R). Whether superoxide channels also play a role in both redoxosomal pathways remains to be clarified.
The accompanying video (see Supplementary Material; for supplementary video, see www.liebertonline.com=ars)* on redoxosomal activation of NFkB by IL-1b serves as a conceptual framework for how redoxosomes may function in the context of cell signaling; in addition, Fig. 9 summarizes concepts relevant to both TNFa and IL-1b redoxosomal signaling pathways. These models are built on data generated in the following publications (42, 67, 68, 78, 83) . Although several aspects of these models have been evaluated only in the case of IL-1b signaling, many aspects of redoxosomal signaling are likely conserved when signaling is triggered by TNFa (67, 78) . It is also likely that other proteins unique to redoxosomes have yet to be discovered and=or placed into the context of endosomal regulation. For example, other ROS-metabolizing proteins such as GPx-1 and peroxiredoxins, which degrade hydrogen peroxide, may also control local ROS gradients and=or phosphatases on the redoxosome surface and thereby affect signaling, as has been suggested by work on PDGF activation. Further research into the importance of spatially regulated redoxosomal signaling will likely uncover other unique mechanisms that can explain the astounding specificity with which ROS are able to control diverse redoxdependent signaling events in response to environmental stimuli.
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Ang-II, angiotensin II; BSA, bovine serum albumin; ClC-3, chloride channel-3; DAB, 3,3 0 -diaminobenzidine; DAPI, 4 0 , 6 0 -diamidino-2-phenylindole; DIDS, 4,4-diisothiocyanatostilbene-2,2 0 -disulfonic acid; DMPO, 5,5-dimethylpyrroline-N-oxide; DNA, deoxyribonucleic acid; DPI; diphenylene iodonium; Duox, dual oxidase; EEA1, early endosomal antigen 1; EGF, epidermal growth factor; EPR, electron paramagnetic resonance; ERK, extracellular signal-regulated kinase; ESR, electron spin resonance; FAD, flavin adenine dinucleotide; FasL, fas ligand; GPx-1, glutathione peroxidase 1; GDP, guanosine diphosphate; GFP, green fluorescent protein; GST, glutathione-s-transferase; GTP, guanosine triphosphate; HA, influenza A viral hemagglutinin (tag); H 2 HFF-BSA, dihydro-2 0 ,4,5,6,7,7 0 -hexafluorofluoresceinbovine serum albumin; H 2 O 2 , hydrogen peroxide; H=R, hypoxia=reoxygenation; IL-1b, interleukin-1 b; IL-1R1, interleukin-1 receptor 1; IRAK, IL-1R-associated kinase-1; IKK, IkB kinase; IKKK, IkB kinase kinase; MEKK1, mitogenactivated protein kinase kinase kinase; MEKK3, mitogenactivated protein kinase kinase kinase 3; MyD88, myeloid differentiation primary response gene; NADPH, nicotinamide-adenine dinucleotide phosphate (reduced); NIK, nuclear factor kappaB-inducing kinase; NFA, niflumic acid, NFkB, nuclear factor kB; Nox, NADPH oxidase; PBS, phosphate buffered saline; PDGF, platelet-derived growth factor; PLC, phospholipase C; PNS, post-nuclear supernatant; PTP, protein tyrosine phosphatase; PX domain, phox homology domain; Rac1, Ras-related C3 botulinum toxin substrate 1; redoxosome, redox-active endosome; RhoGDI, Rho GDP-dissociation inhibitor; RIP, receptor-interacting protein; ROS, reactive oxygen species; SOD1, superoxide dismutase 1; siRNA, small interfering RNA; TAK1, mitogenactivated protein kinase kinase kinase 7 (MAP3K7); TCA cycle, tricarboxylic acid cycle; TEM, transmission electron microscopy; TNFa, tumor necrosis factor a; TNFR1, tumor necrosis factor receptor 1; TRAF2, tumor necrosis factor receptor-associated factor 2; TRAF6, tumor necrosis factor receptor-associated factor 6; TRADD, tumor necrosis factor receptor-associated death domain; WBC, white blood cell; XO, xanthine oxidase. *Video of redoxosomal signaling for IL-1b. (Step 1) In the resting state, the cell expresses Nox, an anion channel(s) (AC), and IL-1R1 on the plasma membrane. Following IL-1b binding, early effectors including MyD88 are recruited to the receptor at the plasma membrane and initiate endocytosis. ( Step 2) Rac1 recruits Nox into the early endosome by tethering (indirectly or directly) the receptor with the Nox complex. It remains unclear how anion channel(s) are recruited into the endosome. (Step 3) Phox subunits (p47phox and p67phox in the case of Nox2) recruit to the Nox complex in the newly formed endosomes. This may be facilitated by changes in inositol phospholipids in the endosomal membrane (not shown). To maintain Rac1 in a GTP-bound active state, SOD1 is recruited to Rac1. In the movie, the SOD binding event is shown to occur following endocytosis, but it is still unclear at what point SOD1 recruits to Rac1. The activated Nox complex (blue protein complex) transfers an electron from NADPH to molecular oxygen (blue molecules) to produce membrane impermeable superoxide (red molecules) in the lumen of the redoxosome. The superoxide may spontaneously dismutate to hydrogen peroxide (yellow molecules), which can pass through the endosomal membrane and out of the redoxosome (not shown). Alternatively as shown in the movie, a DIDS=NFA-sensitive chloride channel may transport the superoxide outside of the redoxosome, where it is subsequently converted to hydrogen peroxide. (Step 4) The localized production of hydrogen peroxide at the surface of redoxosomes transmits redox-specific signals to either the receptor or one of the downstream effectors IRAK or TRAF6 (as shown in movie), allowing for docking of the IRAK=TRAF6 effector complex and subsequent activation of pathway-specific IKKKs. ( Step 5) Activation of NFkB is then initiated through the action of IKKKmediated phosphorylation of the IKK complex, which leads phosphorylation of the IkB complex and mobilization NFkB to the nucleus (not shown). ( Step 6) The redoxosomal-signaling pathway is downregulated as the buildup of cytosolic hydrogen peroxide oxidizes Rac1 on the surface of the endosome, resulting in the disassociation of SOD1 from Rac1. In the absence of SOD1 binding to Rac1, Rac1 quickly hydrolyzes GTP and becomes inactive, leading to the termination of Nox generated superoxide production. This movie is based on findings from refs. 42, 68, 78, and 83.
